Evidence is presented to show that ADPribosylation of nuclear proteins by poly(ADP-ribose) polymerase enhances template-primer activity of HeLa cell nuclear DNA. We used Escherichia coli DNA polymerase I (EC 2.7.7.7; DNA nucleotidyltransferase) as an exogenous probe of nuclear DNA status. Neither NAD nor free poly(ADP-ribose) acts directly on the bacterial enzyme. The stimulation is specific for formation of ADP-ribosylated proteins and is not a generalized polyanion or nucleotide effect on chromatin. The release of template restriction is proportional to the capacity of a given cell line to synthesize poly(ADP-ribose); both the stimulation and poly(ADP-ribose) formation are coordinately proportional to NAD concentration. Binding studies with DNA polymerase indicate exposure or generation of additional 3'_OH primer sites due to ADP-ribosylation in intact nuclei. With intact cells, there appears a correlation among growth, physiological template restriction, and the above effects of ADP-ribosylation.
Besides DNA and RNA, poly(ADP-ribose) is the third polynucleotide that exists in eukaryote nuclei. A chromatinbound enzyme, poly(ADP-ribose) polymerase, catalyzes the formation of the homopolymer by the successive elongation of ADP-ribose units, which are derived from the substrate NAD. There is considerable evidence that one function of this reaction is to modify histones and other nuclear proteins by the covalent attachment of poly(ADP-ribose) (1) (2) (3) . Because of the great interest in ADP-ribosylation of nuclear proteins, several reviews have been recently published outlining the chemistry and biochemistry of this unique polymer (4) (5) (6) . Our recent interest has centered on the elucidation of possible biological roles of this nuclear protein modification in regulation of DNA replication and NAD levels of cells (7) . Recently we noted that in HeLa nuclei, the ADP-ribosylation of nuclear proteins seems related to enhancement of template activation for DNA synthesis when probed by Eacherichia coli DNA polymerase I (EC 2.7.7.7; DNA nucleotidyltransferase) (8) . This apparent stimulation of DNA synthesis due to ADP-ribosylation was detected throughout the cell cycle of HeLa cells, with maximal enhancement noted at G2 phase of the cell cycle. Transcription, as probed in this manner by E. coli RNA polymerase, was not affected by poly-(ADP-ribose) formation during the cell cycle (8) . The present work further explores this stimulation and suggests a possible mechanism for this effect on template activation.
MATERIALS AND METHODS
[U-6zdenine-14C]NAD (136 mCi/mmole) and [methyl-3Hj-thymidine-5'-triphosphate (23.9 Ci/mmole) were purchased from Amersham Searle Co. E. coli DNA polymerase I (5000 units/mg) was purchased from General Biochemicals.
HeLa cells were maintained in spinner cultures (9); nuclei were isolated by the method of Sporn et al. (10) . Chromatin was prepared by the method of Huang and Huang (11) .
The conditions for poly(ADP-ribose) formation have been described (8) . Two methods were used to measure the effect of ADP-ribosylation on DNA synthesis: preincubation with NAD, or DNA synthesis in the presence of NAD (Fig. 1 the same density as the bulk HeLa DNA, and is rendered acid-soluble by DNase treatment. Formation of poly(ADPribose), as promoted by NAD, stimulates the rate of dTMP incorporation by a factor of about 2-fold. As shown elsewhere in this paper (Table 1 ) and previously (8) , the addition of the end-product of the poly(ADP-ribose) reaction, nicotinamide, inhibits this enhancement of template activity. The data in Fig. 1 also show that the addition of NAD to the reaction subsequent to initial polymerization of deoxynucleotides immediately caused enhancement of HeLa template capacity.
The inset in Fig. 1 demonstrates that poly(ADP-ribose) is readily synthesized under the conditions optimal for DNA synthesis at 370, as well as in the normal assay mixture used for the assay of poly(ADP-ribose) polymerase (8) at 250.
In fact, about twice as much poly(ADP-ribose) is formed at 370 in the DNA polymerase mixture. The data in Table 1 , Exp. I, indicate that, at the concentrations used to effect template activation of nuclei, neither NAD nor nicotinamide have any direct effect on E. coli DNA polymerase I itself, when an activated calf thymus DNA template is used in the absence of nuclei. Preliminary experiments with purified poly(ADP-ribose) also demonstrated that the free polymer did not affect DNA synthesis when the purified enzyme and calf thymus DNA template were used. The stimulation of dTMP incorporation (Fig. 1) Fig. 2 give further support that the enhancement of template activation is specifically due to formation of poly(ADP-ribose). Nucleotides related to NAD that do not function in the poly(ADP-ribose) polymerase reaction caused only negligible increase in deoxynucleotide incorporation promoted by DNA polymerase I, in HeLa nuclei. Polyanions, especially poly(inosinic acid), have been reported to remove template restriction for DNA, presumably by competing with DNA for associated histones (12) . However, as indicated in Fig. 2 , poly(I) had little effect on the system as probed by exogenous enzyme. These results confirm that poly(ADPribose), which occurs naturally in contrast to synthetic polynucleotides, is an extremely sensitive probe of nuclear template status in HeLa cells.
Template Enhancement Related to Ability of System to Form Poly(ADP-Ribose). A correlation is shown by the concentra- 14 Template Activation tion dependence for NAD of both poly(ADP-ribose) formation and DNA synthesis (Fig. 3) . The release of template restriction was proportional to the amount of poly(ADPribose) formed; an NAD concentration of 1 mM was sufficient to generate enough poly(ADP-ribose) in 4 Preliminary experiments with nuclei derived from human adult fibroblasts, fibroblasts from patients with xeroderma pigmentosum, and HeLa cells indicate that a correlation exists between specific activity of poly(ADP-ribose) polymerase and release of template restriction. The specific activities relative to HeLa cells for the three cell lines above were 0.008, 0.042, and 1.0, respectively, while the effects of NAD on nuclear template activity were 0, 21, and 100%, respectively, over the controls wi thout NAD.
Enhanced Accessibility of DNA by ADP-Ribosylation.
Single deoxynucleotide incorporation into DNA as a function of DNA polymerase concentration has been used (13, 14) to measure the number of binding sites in native DNA. Such an experiment is demonstrated with intact HeLa nuclei either in the presence or absence of ADP-ribosylation (Fig.  4) . At DNA polymerase I saturation, about twice (25 pmoles/ mg of DNA) as much dTMP was incorporated into the DNA of the ADP-ribosylated nuclei compared to the control. This We have consistently been unable to fully saturate DNA modified by ADP-ribose. One interpretation of these results is that once modified, new 3'-OH sites are constantly being generated (perhaps by endogenous endonucleolytic action).
Increased accessibility of the DNA after ADP-ribosylation is also suggested by another technique. DNA of intact HeLa nuclei can be activated by brief treatment with pancreatic DNase I (Table 1, Exp. V) in a manner similar to native DNA (14) . A 27-fold increase in template activation is noted by this treatment, while ADP ribosylation caused a 2.7-fold increase in template activation of HeLa nuclei. We observed that prior modification of nuclei by treatment with NAD and subsequent activation with DNase caused a 44-fold activation of template of intact nuclei. The data suggest that this modification alters the nuclear system such as to promote increased ability for DNase activation, probably due to improved accessibility of the DNA for pancreatic DNase I.
If the physiological function of the polymer is to increase the accessibility of the DNA in chromatin, then one might expect a correlation between the template activity of the nuclear DNA and the ability to release template restriction by poly(ADP-ribose). That is, if the template is naturally maximally activated, little additional effect would be expected. This possibility can be explored by using HeLa cells that were maintained under various physiological conditions. As HeLa cells progress from exponential growth through stationary growth, the template activity of nuclear DNA as probed with E. coli DNA polymerase I decreased from 680 cpm of [8H]dTMP incorporated to 250 cpm (Fig. 5) . This decrease is presumably due to physiological template restriction and perhaps less accessible 3'-OH primer sites. However, as cells progress toward the stationary phase, the ability to stimulate deoxynucleotide incorporation by ADP-ribosylation increases, i.e., template restriction is reduced. The ability of poly(ADP-ribose) to stimulate DNA synthesis increases from 30% at the beginning of the experiment to 160% at 96 hr of growth. There appears to be an inverse correlation between the ability of ADP-ribosylation to stimulate DNA synthesis, and the status of the nuclear system to be used by E. coli enzyme. This is most marked after re-establishment of growth; template capacity is minimal and stimulation is very marked.
DISCUSSION
Our data demonstrate that the formation of poly(ADP-ribose) in HeLa nuclei releases template restriction for DNA synthesis when-the nuclei are probed with exogenous, purified E. coli DNA polymerase I. The physiological importance of this polymer might be related to our observation (Fig. 5 ) that this release seems most marked during growth of the intact human cell, when template restriction of chromatin itself was greatest. Furthermore, the extent of template activation seems dependent on the amount of poly(ADP-ribose) formed (Fig. 3) and also on the relative ability of the cell type to synthesize poly(ADP-ribose).
The data suggest that the formation of poly(ADP-ribose) results in increased accessibility of the HeLa DNA to the exogenous DNA polymerase. We find that in control and ADP-ribosylated nuclei dTMP is incorporated into DNA chains of comparable length, but in ADP-ribosylated nuclei the quantity of the chains is increased (data not shown). This is likely due to more chain starts since, after ADP-ribosylation, there are 2-fold more binding sites for the enzyme (Fig.  4) . Reports that poly(ADP-ribose) is covalently linked to proteins (1, 2) make it likely that the polymer exerts its action by displacement of chromosomal proteins. Improved accessibility of the DNA to numerous proteins is certainly necessary for purposes of gene transcription and replication and repair of DNA. In contrast to many synthetic polyanions that release template restriction (15, 16) , poly(ADP-ribose) has the advantage of being synthesized at the intranuclear site necessary for its action.
We had previously reported on fluctuations of the specific activity of poly(ADP-ribose) polymerase in nuclei isolated throughout the cell cycle (17) and the asynchronous growth cycle (18) of HeLa cells. Our data on the activity of this enzyme system during the cell cycle (8, 17) has been consistent with either stimulation or inhibition of DNA synthesis. In addition, we could note no specific pattern of nuclear protein modification by poly(ADP-ribose) during the HeLa cell cycle to account for its physiological role (19) .
In contrast to our findings in HeLa cells, considerable evidence has been accumulated by Sugimura and his coworkers (20, 21) and by Burzio and Koide (22, 23) that in isolated rat liver nuclei the formation of poly(ADP-ribose) inhibits the amount of deoxynucleotide incorporation into DNA when nuclei are used both as a source for template and DNA polymerase. The suggested mechanism for this inhibition includes: removal of the endogenous nuclear DNA polymerase from the nuclear DNA template (20, 24) ; prevention of template activation by endogenous nuclear endonucleases (25) ; or perhaps a combination of both processes (21) . This inhibition of deoxynucleotide incorporation in rat liver nuclei in the presence of poly(ADP-ribose) has been confirmed in several laboratories (3, 20, 26) , including our own. Lehmann and Shall (26) have shown that ADP-ribosylation leads to inhibition of endogenous DNA synthesis in rat liver nuclei, but no effect on DNA synthesis was observed in nuclei from lymphoma cells or from lymphocytes stimulated to divide by phytohemagglutinin. Furthermore, in a study where normal and regenerating rat liver nuclei, as well as Novikoff hepatoma nuclei, were all prepared in the same manner, the formation of poly(ADP-ribose) caused inhibition of DNA synthesis in the normal and regenerating systems, but did not affect the nuclei from the hepatoma cells (3) .
Further experiments will be required to resolve these differences and to ascertain the mechanisirs involved in the different cells, but it is interesting that rat liver nuclei contain a Ca++-Mg++-dependent endonuclease, which has been described by Burzio and Koide (25) and has been suggested to be responsible for activating the rat liver DNA and resulting in enhanced deoxynucleotide incorporation. The role of poly(ADP-ribose) should then be to inhibit this endonuclease activity in rat liver nuclei (25) . There is a precedent for poly-(ADP-ribose) inhibiting a DNase activity since Yamada et al. (27) have reported that this polymer inhibits an exonuclease from rat liver. However, we have been unable to detect a Ca++-MIg++-dependent DNase activity in nuclei from HeLa cells. It is interesting that the Novikoff hepatoma nuclei used by Burzio and Koide (25) apparently lack the presence of a Ca++-+Mg + +-dependent endonuclease. Although the precise reasons for these differences in response in nuclei derived from different cells remains to be elucidated, it is clear that subtle perturbations in chromatin structure are being affected and probed by poly(ADP-ribosylation).
